Some of the moons of the outer solar system harbour subsurface liquid oceans. Tidal dissipation plays an important role in preventing these oceans from freezing. In the past, most studies considered only tidal dissipation in the solid layers of these bodies (rock and ice). Recently, new studies considering tidal dissipation in the oceans of these moons have appeared. All of them make use of the shallow water approximation. However, the use of this approximation might not be adequate. Here we consider the linear non-hydrostatic three dimensional response of these oceans to tidal forcing with the full Coriolis force. To do so we consider an ocean of homogeneous density contained within a perfectly spherical shell and neglect the effect of the ice shell. We force the ocean with a time changing tidal potential and observe patterns of periodic inertial waves that take energy from the global tidal forcing and focus it along thin shear layers that propagate in the fluid. We focus on Europa and Enceladus, showing that inertial waves result in fluid flows of significant amplitude (a few cm/s). Nevertheless, we find that under the previously mentioned assumptions tidal dissipation due to inertial waves is several orders of magnitude smaller than Europa's radiogenic heating and Enceladus' observed heat flux. Finally, we propose additional dissipation mechanisms that might play a relevant role in Europa and Enceladus and could be further investigated.
with k k k the wavevector,ũ ũ u the wave amplitude and ω the wave frequency. Introducing this
A C C E P T E D M
A N U S C R I P T Depending on the container's geometry this can lead to focusing of the wave packet which 115 becomes an efficient mechanism to transport energy from large to small scales.
116
The focusing properties of inertial waves can result in wave attractors. As its name waves (e.g., Maas, 2001 ; Maas, 2003, 2004) .
124
As it is of special relevance for astrophysical and geophysical applications, the propaga-125 tion of inertial waves in spherical containers has been widely studied (e.g., Bryan, 1889; Stern, 126 1963; Bretherton, 1964; Greenspan., 1969; Stewartson, 1971 Stewartson, , 1972 Rieutord and Valdettaro, 127 1997; Ogilvie, 2009 ). The response of an inviscid fluid inside an spherical container is given 128 by well-behaved eigenmodes (Bryan, 1889). However when a nucleus is added, wave at- 
where ω is the mean motion of the satellite given by ω 2 = GM p /a 3 , G is the universal 143 gravitational constant, M p the mass of the planet and a the semi-major axis of the satellite's 144 orbit. As we are considering tidally locked satellites, ω is the same as the rotational frequency 
ψ ns = − 1 2 P 2,2 (cos θ) sin(2φ + Ω ns t) sin(Ω ns t), (6b)
ψ e2 = e 4 P 2,2 (cos θ) [3 cos(2φ) cos(ωt) + 4 sin(2φ) sin(ωt)] ,
ψ o1 = P 2,1 (cos θ) sin( ) cos(φ) sin(Φ + ωt).
θ and φ are the co-latitude and longitude in the body-fixed reference frame, respectively. ψ 0
149
is the static component of the tidal potential, ψ ns arises due to non-synchronous rotation.
150
The eccentricity tide is given by ψ e0 , which is caused by the variation in distance between 151 the planet and the satellite; and ψ e2 , caused by the east/west libration of the position of 152 the subplanet point on the moon's surface. On the other hand, the obliquity tide, ψ o1 , is 153 the result of the latitudinal libration of the subplanet point due to the satellite's obliquity.
154
P l,m are the associated Legendre polynomials of degree l and order m and Φ, e and are the 155 argument of pericenter, the eccentricity and the obliquity of the moon, respectively. We only 156 consider degree two terms of the tidal potential, as the amplitude of the other components 157 rapidly decreases with increasing degree as (r/a) l .
158
The non-axisymmetric term of the eccentricity tide (ψ e2 ) and the obliquity tide (ψ o1 )
159
can be further divided in a westward (ψ e2w , ψ o1w ) and an eastward (ψ e2e , ψ o1e ) propagating 160 wave:
161 ψ e2 = ψ e2e + ψ e2w = 7e 8 P 2,2 (cos θ) cos(2φ − ωt) − e 8 P 2,2 (cos θ) cos(2φ + ωt), 
Governing equations and assumptions

166
In contrast to Section 2, we now consider the fluid to be viscous and expand the reduced 167 pressure in its different components. The equations of motion can be written as:
The primed quantities denote deviations from hydrostatic equilibrium. Ψ represents the 170 gravitational potential of the body, p is the fluid pressure and τ the stress tensor of the 171 fluid, which we assume to follow Stokes' constitutive law:
where µ is the dynamic molecular viscosity. We further use perturbation theory and consider the different quantities to be small. Under such consideration the non-linear advective term
The validity of this assumption will be discussed later (Section 5). We
175
introduce an effective viscosity µ ef f which is higher than the molecular viscosity of the fluid 176 and accounts for non-modelled small-scale dissipation mechanisms (e.g., turbulent mixing,
177
interactions of waves with turbulent convection, etc.).
178
Finally, we obtain the non-dimensional form of the equations of motion by using the 179 inverse of the satellite's rotational frequency (2Ω) −1 and the satellite radius (R) as time and 180 length scales respectively:
183 with e z e z e z the direction of the satellite's rotational axis, W again the reduced pressure:
and the non-dimensional variables (indicated with a hat) and parameters defined as:
186
We have introduced the non-dimensional Ekman number (E), which gives the ratio of viscous 187 to Coriolis forces; and the non-dimensional frequency (ω), which, since the problem is forced 188 at the diurnal tidal frequency, equals 0.5. In the discussion that follows we use the non-189 dimensional equations; to avoid cumbersome notation we drop the hat from the variables.
190
As a starting point we assume that the moons have a free surface. 
203
By using this decomposition Equation (11) becomes:
is an inertial force associated with the equilibrium tide given by:
Note that the dynamic tide is forced indirectly through the equilibrium tide as it does not 206 satisfy the momentum equation (Ogilvie and Lin, 2004 
where Ψ l,m is the degree l order m component of the tidal potential. The maximum ampli- of an ice-shell is considered the equilibrium tide can be obtained as:
with Z l,m being an admittance factor. Matsuyama et al. (2018) showed that an ice shell 214 dampens the response of the ocean resulting in Z l,m to be smaller than or close to 1. In 215 particular, for realistic ice shell thicknesses, the admittance is close to 1 for Europa while it 216 can be more than one order of magnitude smaller for Enceladus. In this work, we assume the 217 ocean to follow the equilibrium tide of an ice-free, non self-gravitating ocean in a satellite 218 with a infinitely rigid core (Equation (17)). By doing so, we obtain an upper bound of tidal 219 dissipation due to inertial waves in a spherical shell shaped ocean.
220
We assume the system to have a response with the same frequency as the forcing tidal 221 potential and thus we consider the different fields to be proportional to e iωt . By doing so we 222 can eliminate time from the equations of motion and we are left with the system: and eastward propagating components respectively.
235
We use the method of Rieutord and Valdettaro (1997, 2010) , which is detailed in Ap- by L and N , is chosen so that the truncation error is less than ∼ 10 −4 .
244
We are specially interested in computing tidal dissipation due to the tidally-induced 245 flows. We compute the amplitude of tidal dissipation as (e.g., Ogilvie and Lin, 2004 ):
where c ij are the elements of the rate-of-strain tensor, c ij = 1 2
Equation ( 
260
The Ekman number depends on the fluid viscosity (Equation (14)). If we compute 261 the Ekman number using the molecular viscosity of water we obtain a value of 10 −14 and 262 10 −13 for Europa and Enceladus respectively. These low Ekman numbers require currently 263 unattainable resolutions. In any case, when linearising the equations of motion we have 264 introduced a new effective dynamic viscosity (µ ef f ) that accounts for small-scale dissipation
mechanisms. Given our limited knowledge about these oceans it is difficult to estimate the 266 appropriate value of this parameter. It is however expected that the effective viscosity will 267 be orders of magnitudes higher than the molecular viscosity (e.g., Ogilvie and Lin, 2004) . In
268
the following experiments we explore a wide range of Ekman numbers (E = 10 −4 − 10 −10 )
269
to account for this uncertainty.
270
We first study the propagation of inertial waves for different ocean thicknesses and Ekman which measures the asymptotic rate at which two neighbouring rays converge:
dΘ is the angular distance between the reflection points of two neighbouring characteristics.
295
High (in absolute value) Lyapunov exponents mean highly attracting wave attractors while a
296
Lyapunov exponent equal to 0 indicates non-attracting trajectories. The Lyapunov exponent 297 for different ocean geometries is displayed in Figure 2b .
298
We distinguish between two types of attractors: equatorial attractors, trapped equator-
299
ward of the critical latitude, and polar attractors, with reflections outside the previously 300 mentioned interval. As can be seen in Figure 2a , the shape of the attractor depends on the 301 ratio of inner to outer ocean radius (η). For some ocean geometries, attractors with few 302 reflections (short attractors) and high (in absolute value) Lyapunov exponents exist. This is viscosity diffuses the velocity countering the geometrical focusing effect and the development 318 of wave attractors. As we will now see, these two competing effects determine whether a 319 wave attractor is excited for a particular ocean geometry or not.
320
We start by choosing two ocean geometries with a high (in absolute value) Lyapunov attractors characteristic of these two ocean geometries.
328
As can be seen, in both cases wave attractors are generated. Internal shear layers are is shown in Figure 5 . As a reference, we also indicate the estimated value of radiogenic Table 1 ) .
A C C E P T E D M A N U S C R I P T
397
For most tidal constituents the tidal dissipation curve is markedly spiky (Figure 5 ). There 
Dependence of tidal dissipation on Ekman number
417
We study the dependence of tidal dissipation with Ekman number. For a given ocean 418 thickness (η) we distinguish three different cases depending on the behaviour of viscous The ocean is assumed to be within a spherical shell of constant thickness (inner to outer ocean radius ratio, η). All values are computed using E = 10 −7 . The axisymmetric and non-axisymmetric components of the eccentricity tide (m = 0 and m = 2 ) as well as the obliquity tide (m = 1) are considered. As reference, an estimate of Europa's radiogenic heating and the power radiated from Enceladus tiger stripes are indicated.
A C C E P T E D M A N U S C R I P T
to the westward order one obliquity tide. As the Ekman number decreases, internal shear 
461
In such a case, if a resonant state is attained, dissipation could be considerably higher than by analysing the resonance peaks in Figure 6b . We see that as the Ekman number decreases 466 the curve becomes more spiky, the resonance peak narrows. If the exact η for which the 467 resonance occurs is not chosen, dissipation will decrease with decreasing Ekman number as 468 the resonance peak becomes narrower. As is evident from this plot, our current resolution 469 does not allow us to resolve the exact value of η at which dissipation reaches its maximum.
470
Higher resolution is needed in our explored parameter space to find the exact resonant 
Discussion and Conclusions
482
In this work we analyse for the first time tidal dissipation due to inertial waves in Europa
483
and Enceladus. We consider tides caused by the eccentric orbit of these satellites as well as 484 their obliquity. We consider an ocean contained within a spherical shell and use a spectral 
489
We find that dissipation depends strongly on ocean thickness and Ekman number. One 
500
After analysing the effect of changing the ocean thickness and viscosity we conclude 501 that under the aforementioned assumptions, tidal dissipation due to inertial waves is several 502 orders of magnitude smaller than Europa's radiogenic heating and Enceladus' observed heat 503 flux and thus does not play an important role in preventing these oceans from freezing.
504
Still, we observe that the induced tidal currents can be one order of magnitude stronger 505 than those obtained using the Laplace Tidal Equations (e.g., Tyler, 2008 Tyler, , 2009 ). We find 506 that for a 30 km thick Enceladan ocean tidal currents of amplitude 3 cm/s are excited.
507
We also consider the possible interaction of inertial waves and the ice shell and conclude 508 that for global oceans of constant thickness it is unlikely that inertial waves could result in 509 observable surface features.
510
The difficulty in explaining Enceladus' present state through tidal dissipation in its solid However, the discussion on tidal heating in the subsurface oceans of the icy moons is far 519 from settled. In our study we have made several assumptions that need to be revisited. We We solve Equations (19) using the spectral method of Rieutord and Valdettaro (1997) .
566
We expand the different fields using vector spherical harmonics: 
Using the previous expansion the continuity equation becomes: 
with:
The forcing terms f R and f T are given by :
The values of f T and f R are obtained for the different tidal constituents. We need 581 to obtain the non-dimensional components of the different constituents of the equilibrium 582 tide u eq u eq u eq in terms of spherical harmonics. We compute their amplitude by taking the time 583 derivative of Equation (6) and using the definition of the equilibrium tide given in Equation
584
(16). We write the resulting expressions using the previously defined normalised spherical 
601
The partial differential equations A.5 are discretised in the radial direction using the
602
Chebyshev polynomials on the Gauss-Lobatto collocation nodes (see Section 3.3). More 603 details about this method can be found in Rieutord and Valdettaro (1997) .
604
Appendix B. Tidal dissipation computation
605
We expand Equation (20) as: 
